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ABSTRACT

We have studied the effects of an electric field on a sample of SF 6

fluid in the vicinity of the liquid-vapor critical point. We measured

the isothermal increase of the density of a near-critical sample as a

function of the applied electric field. In agreement with theory, this

electrostriction effect diverges near the critical point as the isother-

mal compressibility diverges. Also as expected, turning on the

elec_c field in the presence of density _'adients can induce flow

within the fluid, in a way analogous to turning on gravity. These

effects were observed in a microgravity environment by using

the Critical Point Facility which flew onboard the Space Shuttle

Columbia in July 1994 as part of the Second International Micro-

gravity Laboratory Mission. Both visual and interferometric images

of two seperate sample cells were obtained by means of video

downlink. The interferometric images provided quantitative infor-

mation about the density distribution throughout the sample. The

electric field was generated by applying 500 V to a fine wire passing

through the critical fluid.

INTRODUCTION

Although there has been a great deal of work done in the study of

electric field effects in fluids, experimental investigations of electric

field effects near critical points has been limited to experiments

involving binary liquid mixtures (Debye and Kleboth, 1965, Wirtz

and Fuller, 1993, and Yosida, 1978). One difficulty that arises when

studying the effects of an applied electric field on near-critical binary

liquid mixtures is that the electrical conductivity of the fluid leads to

heating effects. Even though the conductivity of the binary mixture

may be small, the required electric fields are high enough that ohmic

heating is significant. Near a critical point, the thermodynamic

properties of the system vary rapidly as the temperature approaches

the critical temperature. Heating the fluid takes the system away

from the critical point, thereby disturbing the measurements.

In the present study, we report our measurements of the

electrostriction effect in a single-component nonconducting fluid,

sulfur hexaflouride (SF6), near the liquid-vapor critical point.

Electrostriction is the deformation of a fluid or solid in the presence

of an electric field. Near a critical point, the electrostriction effect

becomes more pronounced because the compressibility diverges. To

our knowledge, these are the first reported measurements of

electrostriction near a critical point. We shall also discuss our

observations of the dielectrophoretic force on the SF 6 fluid in a

microgravity environment.
In order to understand the need for an extended duration

microgravity environment, it is helpful to begin with a brief discus-

sion of some thermodynamic properties near the liquid-vapor criti-

cal point.

The critical point of a fluid marks the endpoint of the liquid-vapor

coexistence curve in the pressure-temperature plane, and is uniquely

characterized by a critical temperature T c, critical density Pc,

and critical pressure Pc" For SF 6, the critical point occurs at

T c = 318.69K, Pc = 3.76 MPa and Pc = 0.73 glee. As the critical point

is approached, fluctuations in the fluid density occur at increasingly

longer length and time scales. The size of the density fluctuations are

characterized by the correlation length _, which diverges according

to the power-law expression (Sengers and Sengers, 1978)

= _0r; v (1)

as the critical point is approached from above T c. Here,

T, = (T- Tc)/T c is the reduced temperature, _o is the correlation

length amplitude (for SF6, _o = 0.2rim), and v =0.63 is the critical

exponent characterizing the strength of the divergence. One of the

most dramatic consequences of the diverging correlation length is

the increase in scattered light from the fluid. Close to the critical

point the con'elation length becomes comparable to the wavelength
of visible light, resulting in strong scattering and a corresponding

increase in turbidity.

Many of the fluid properties exhibit singular behavior at the criti-

cal point. For example, the specific heats at constant volume c v and

constant pressure Cp, the isothermal compressibility K t, and thermal



conductivity A are all diverging quantities. Because of the fact that

Cp diverges faster than A, the thermal diffusivity, D t, given by

D t = A / pCp (2)

approaches zero as the critical point is approached. A numerical

expression for the thermal diffusivity of SF 6 which accounts for both

the critical part of the diffusivity and the background diffusivity far

from Tc is

Dt(T,)=l.39.10-2.T 1"24 + 2.08.10-4 • TO'61 (3)

and has units of cm2/sec. We have obtained Eq. 3 by fitting to Jany

and Straub's (Jany and Sraub, 1987) light scattering data on SF 6.

Because the density fluctuations decay away at a rate proprotional

to D r the lifetime of fluctuations increases as one gets closer to T c.

This has important consequences for an experiment; a small tem-

perature or density disturbance in the fluid slowly decays back to

equilibrium via thermal diffusion. The time constant associated with
thermal diffusion is

"_= 12/_ 2 D t (4)

where I is a characteristic length of the container. In these experi-

ments, "t was as much as several hours close to Tc. This phenomena

of increasing relaxation times close to T c is known as critical

slowing down. Although adiabatic effects can speed up the heat

transfer process (Onuid, et al., 1990 and Boukari, et al., 1990) the late

stages of relaxation are still governed by the time constant _.

Depending on the amplitude of the initial disturbance, one may have

to wait several time constants before reaching true equilibrium.

The isothermal compressibility K t = - 11V(d VIdP) T of a fluid at the

critical density diverges near the critical point as

I-7.-1.24

K, = (5)
Pc

where F = 0.0459, in the restricted cubic model (Sengers and

Sengers, 1978 and Moldover, et al., 1979) for SF6. Close to T c, the

high compressibility leads to density stratification in the earth's

gravitational field. For a fluid such as SF6., the density stratification

becomes significant within 30 mK of T c. At T c itself, the density at

the bottom of a 1 era-tall sample of SF 6will exceed the density at the

top by 8%. Moldover et al., have reviewed gravity effects in fluids

near the critical point (Moldover, et al., 1979). A long duration low-

gravity environment will avoid gravity-induced stratification and

make it possible to study critical fluids closer to T c than on earth.

ELECTRIC FIELD EFFECTS

In the absence of free charge, and neglecting the effect of gravity,

the force acting on a unit volume element of dielectric in an electric

field of strength E is given by (Stratton, 1941)

1 E2VE + _ V(E2pdr:ldp)() (6)

where c is the permittivity. The first term is known as the

dielectrophoretic force and the second term represents the force due
to electrostriction.

The dielectrophoretic force arises from spatial gradients in the

permittivity. In the case of fluids, the permittivity is a function of

density via the Clausius-Mossotti relation. Thus, density gradients

will be affected by the dielectrophoretic force. The dielectrophoretic

force is usually quite weak in comparison with gravity. However, in

a microgravity environment, the dielectrophoretic force can pump

and confine liquids (Melcher and Hurwitz, 1967) and it can induce

convective flows (Hart, et. al., 1986). The possibility of using strong

electric fields to counter the gravity induced density stratification

which occurs near the critical point was recognized over 25 years ago

(Voronel and Gitterman, 1969). Fields of tens of kilovolts/cm are

required.

The electrostriction term in Eq. 6 contributes to an electrostrictive

pressure. Stratton (1941) shows that the increase in pressure due to

the electric field relative to a point in the fluid where E = 0 is given

by

AP = I;0E2 (K - 1)(K + 2)/6 (7)

where _ is the vacuum permittivity and K = erie0 is the relative

dielectric constant (r = 1.28 for SF6at the crititcal density). The

isothermal increase in density associated with the increased pressure

is then

A 9 / p = eoK, E 2 (_ - 1)(_: + 2)/6 (8)

This represents the density increase for a system in contact with a

large pressure resevoir; for example, two small electrodes forming

a capacitor in a much larger fluid volume.

Since the compressibility of a fluid is often negligible, the

electrostriction effect is usually neglected. In the case of a critical

fluid, however, the isothermal compressibility is diverging as the

critical point is approached. Upon applying the electric field, we do

not expect to see the immediate full change in the density given by

Eq. 8 since it represents an isothermal result. In fact, turning on the

electric field will heat the fluid a small amount due to the electrocaloric

effect (Landau and Lifshitz, 1984). The excess heat gradually

diffuses out of the fluid, and the fluid returns to the original

temperature after approximately a thermal diffusion time constant x.

The immediate, or adiabatic, density change would be given by

Eq. 8 with the substituion of the adiabatic compressibility

K s = (C_Cv)-1 K t for the isothermal compressibility. Since the ratio

CplCv diverges near the critical point (cp/Cv= 730at T c + 100mKfor
SF6), the adiabatic density change was too small for us to detect close

to Tc ; however, the isothermal change was easily measured.

Another point which we must consider is the effect of the electric

field on the critical point. Landau and Lifshitz (1984) show that an

electric field shifts the critical temperature and critical density of the

fluid. Voronel and Gitterman (1969) estimate the shift in T c to be

about I mK for a typical fluid subjected to a field of 45 kV/cm. Thus,

the effect could be important very close to Tc under high electric
fields.

EXPERIMENTAL RESULTS

The experiment was carried out using the Critical Point Facility
(CPF) (Cork, et. al., 1993) which flew on the Second International
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MicrogravityLaboratory(IML-2)duringtheSTS-67flight of

Columbia in July, 1994. The CPF is a multi-user instrument de-

signed and built in Europe, and operated by the European Space

Agency. Five seperate experiments were conducted on CPF during

the IML-2 mission. Each individual experiment has its own thermo-

stat which could be changed out of CPF by the shuttle crew members

to initiate the start of a new experiment. CPF has the capability to

view both an interferometer cell and a visualization cell.

A schematic of the fluid region of our interferometer (IF) cell is

shown in Fig. 1. The fluid volume of the IF cell is bounded by a

stainless steel spacer and quartz windows. The inside diameter of the

spacer is 12 mm, and its thickness is 2 mm. A 1 mm thick semi-

circular quartz "button" was attached to one window. This reduces

the height of the fluid to 1 mm in half of the cell. A 0.127 mm

diameter wire runs through the 2 mm thick section of the fluid,

parallel to the edge of the quartz button and approximately 1.5 mm

away from its edge. The wire was spot welded to electrical

feedthroughs which in turn were epoxied into the spacer. The electric

field was generated by applying a voltage to the wire.

The IF cell comprises one leg ofaTwyman-Green intefferometer.

A multi-layer dielectric mirror coating was applied to the inner

surface (in contact with the fluid) of one of the windows. Both

surfaces of the other window had anti-reflection coatings. In addi-

tion, both inner surfaces were coated with a conductive, transparent

Jwindow J \

edge --/ _-- Wire

Laser light

I
J fluid volumeSF 6

\
\

_-- Reflective surface

Figure 1 .--Top view and cross-section of the interfero-
meter sample cell fluid volume which was filled with

SF 6 at the critical density. The diameter of the fluid

volume is 12 mm. An electric field is created in the

fluid by charging the wire to 500 V.

indium-tin-oxide coating to eliminate effects from static charges

which may otherwise accumulate. The conductive coatings made

electrical contact to the spacer via the gold o-rings which were used

to seal the cell. The spacer was kept at ground potential throughout

the experiment. The design of the visualization cell differed slightly

from that of the IF cell. There was no quartz button in the cell and the

fluid filled space between windows was 1 mm. The windows were

coated only with the conductive coating, and were kept at ground

potential. Both sample cells were f'dled to within 0.3% of the critical

density with 99.999% pure SF 6.

During the experiment, either sample cell could be viewed by a

command to CPF to open or close appropriate shutters. The sample

cells were imaged by a CCD camera which typically recorded one

frame every six seconds. The digital image was sent to the ground,

recorded and displayed. The 6 bit resolution of the CCD provided

64 gray levels and a spatial resolution of 40 gm at the focal plane.

Unfortunately, the interferometer channel was not focused at the IF

cell. During the experiment, commands from the ground to CPF

were used to turn the voltage on and off, take high resolution still

photographs, and change the set-point of the thermostat. At a given

setpoint temperature, the long-term temperature stability was better

than 0.1 inK.

Changes in the fluid density distribution were measured by

monitoring changes in the interferometric fringe pattern, which

sensed changes in the optical path length. The optical path length of

the laser light in the fluid is/_= 2In where N is the number of

wavelengths which make a double pass through the fluid, k is the

wavelength of the light (633 nm), l the thickness of the fluid (1 or

2 ram) and n the index of refraction of the fluid (n =1.092 for SF 6 at

the critical density). A change in the fluid density changes the optical

path length and hence the fringe pattern. The resulting fringe shift

AN is found by differentiation to be

(9)

where 5p is the density change of interest and

n'=pdn/dp=(n2-1l(n2+ 2)/6n (10)

is obtained from the Lorentz-Lorenz relation which relates density

to index of refraction. A relative density change of 0.01% in the

2 mm thick section of our fluid sample would thus produce a fringe

shift AN = 0.058 fringes which was roughly the limit of our

resolution. For a homogeneous density distribution, the fringe pat-

tern is determined by the amount of tilt in the reference mirror of the

interferometer together with any distortions resulting from the

optics. Figure 2(a) shows the equilibrium fringe pattern obtained at

T c +1 K with the electric field off. The bending of the fringes around

the edges of the cell is due to bowing in the quartz windows which

results from the forces needed to seal the cell. A discontinuity in the

fringe pattern is visible across the diameter of the cell. This is a result

of the semi-circular quartz button, which changes the optical path

length relative to the other half of the cell.

Figure 2(b-d) shows the equilibrium fringe pattern obtained with

the wire charged to a potential of 500 V at T c + 30 mK,

T c + 10 mK, and T c + 5 mK respectively. The bending of the fringe

pattern near the wire, especially visible in Figs. 2(c) and (d), is a

result of the density increase near the wire due to electroslriction. As

explained previously, turning on the electric field generates a small

amount of heat which must diffuse out of the fluid. Thus, to reach



(a)

(c) (d)

Figure 2.--Interferograms of the SF 6 fluid in a low-gravity environment. The bending of the fringes near the wire signifies

the density increase due to the etectrostriction effect. (a) Tc+l K with no electric field. (b) Tc+30 mK after 3 hr at 500 V.

(c) Tc+10 mK after 6 hr at 500 V. (d) Tc+5 mK after 14 hr at 500 V.

isothermal conditions it is necessary to wait at least a diffusion time

constant for the fluid to reach equilibrium. The fringe patterns shown

in Figs. 2(b-d) were obtained after leaving the 500 V potential on for

3, 6, and 14 hr respectively.

Figure 2 shows that the fringe shift increases as Tc is approached.
This is consistent with Eqs. 5, 8 and 9 which show that AN is

proportional to the compressibility which, in turn, diverges as the

critical point is approached. A detailed analysis of the fringe pattern
will appear in a separate publication. Here, we give a simple, order-

of-magnitude estimate of the expected fringe shift.

The electric field between two coaxial conductors is

e(r)=Vo/(r ) (11)

where r is the radial distance from the center, a is the radius of the

inner conductor, b is the radius to the outer conductor and Vo is the

potential difference between the inner and outer conductors. For our

cell geometry, a = 0.064 mm and we note that the distance to the

ground plane ranges from 1 mm to about 4.5 mm in the 2 mm thick

fluid section. We shall use In (b/a) = 3.5 in our simplified analysis

which is within 20 percent of the value calculated using either

b = 1 mm or b = 4.5 mm. Next, we note that the intefferometer

integrates the density (or optical path) along the direction perpen-

dicular to the windows which we shall call the y direction. To

calculate the fringe shift, we must integrate the electric field along

the y coordinate. Combining Eqs. (5), (8), (9), and (11) we find the

fringe shift a perpendicular distance x o away from the center of the
wire is



/_kN w

E0 K t l'tt

3_. (_- 1)(K+ 2)_dyE2

-2 10-TT:124(,/x0) -'(l x0)
(12)

where we have substituted values appropriate for our SF 6 filled cell

and x 0 has units of millimeters.

In principle, the fringe shift could have been measured by compar-

ing the fringe pattern with the field on to the pattern with the field

turned off, such as Fig. 2(a). However, we found that the reference

fringe pattern with the field off at T c + 1 K changed a small but

significant amount over a period of two days. This could have been

due to a slight mechanical relaxation or a very small leak. To avoid

relying on the absolute position of the reference fringe pattern, we

compare the fringe shifts at two distances from the wire and subtract

off the slope of the reference pattern. The difference in fringe shift

from x 0 = 0.24 mm to x 0 = 0.48 mm computed from

Eq. 12forTc+3OmK,Tc+ 10mK and Tc +5 mKis AN = 0.06,0.25

and 0.58 respectively. The fringe shift differences measured from

Figs. 2(b) to (d) are 0.09, 0.17 and 0.38 respectively with an

uncertainty of+ 0.05 fringes. Despite the crude model for the electric

field, we have fair agreement. Finally, we point out that

Eq. 12 predicts a positive fringe shift at all points x0. This would be

true if the sample was connected to a large reservoir. Conservation

of mass in our cell dictates that the density increase near the wire

must be accompanied by a density decrease farther from the wire. A

careful comparison between Fig. 2(d) and (a) does indeed confirm

that the fringe shift passes through a zero and becomes negative far

from the wire, but there is some uncertainty in the reference fringe

pattern as noted above.

Electrostriction measurements in 1-g using an identical sample

cell were unsuccessful. The electrostriction effect is overwhelmed

by effects resulting from the dielectrophoretic force. From Fig. 2 we

can see that the temperature must be within approximately 30 mK of

T c to observe the electrostriction effect in our cell. However, in l-g
the density stratification becomes significant within 30 mK of Tc.

Turning on the electric field quickly draws the denser fluid toward

the wire, thereby masking the electrostriction effect. The

inhomogeneous electric field acts like a radially-directed psuedo-

gravity, attracting denser fluid.

Figure 3 illustrates a quench step in microgravity from above T c

to below T c with the electric field on (500 V potential). The SF 6

becomes very turbid as it undergoes spinodal decomposition below

Tc (Goldburg, 1983). However, close to the wire, the density of the

SF 6 remains above Pc, and as liquid condenses it is drawn to the wire.

The fluid surrounding the wire never appears to undergo spinodal

decomposition. A similar quench with the field turned off did not

produce a region of low turbidity around the wire. We can draw an

analogy with observations of a quench through T c in earth' s gravity.

As the critical point is approached, density stratification causes the

fluid to collapse under its own weight resulting in liquid-like

densities at the bottom of a container. Within 1 mK of T c, there is

only a very thin region near the mid-height of the cell which is at the

critical density. Upon cooling below T c, the phase transition from

one-phase to two-phase is observed only in this thin region. Nothing

dramatic happens to the denser fluid at the bottom of the container;

it misses the critical point! The same phenomena occurs near the

Figure 3.Blmage of the visualization cell as T crosses Te

with the 500 V potential on in low-gravity. The turbid fluid

was undergoing spinodal decomposition. Near the wire,

the fluid did not decompose because it was farther from

the critical point due to the increased density. A nonuni-

form density distribution also existed throughout the cell

from a previous quench through Tc, which produced

liquid and vapor domains. Note that the fluid had decom-

posed more where liquid-vapor boundaries (p = Pc)

existed from the previous quench. The couree-grain

structure of these boundary regions signifies a later stage

of spinodal decomposition.

charged wire in microgravity. The excess fluid density in the vicinity

of the wire prevents that region from going through the phase

transition.

All of our observations of electric field effects in the fluid can be

qualitatively explained by thinking of the electric field as a radially

directed psuedo-gravitational force. For example, in the two-phase

region the liquid SF 6 wets the container walls and the shape of the

liquid-vapor interface is dominated by surface tension forces. Turn-

ing on the electric field in low gravity simply draws the liquid toward

the wire. Upon turning the field off, the surface tension forces

redistribute the liquid. Any bubbles embedded within the liquid

(which we could create by passing a current through the wire) are

rapidly displaced by the denser fluid which is drawn in when the

electric field is turned on. Turning the field offhas no further effect

on the bubbles, nor does turning the field back on. This is completely

analogous to a thought experiment of turning gravity on and off and

watching the motion of a bubble in a container filled with liquid.

Initially, the bubble rises to the top and would tend to stay there even

if gravity could be turned off and on again.

Just as the electric field can induce flow in the two-phase state, it

can also induce convective flow in the single-phase fluid when

density (and hence temperature) gradients exist. Such flows were

made visible by monitoring the fringe pattern in the IF cell. Turning

the electric field on induces flow which subsided within a minute

(the viscous relaxation time), and turning the field off and on again

resulted in no further action. For a strong enough temperature (and

hence density) gradient, the flow is also visible in the visualization



Figure 4.--Convective flow in the visualization cell at

Tc+100 mK. The electdc field was turned on after creat-

ing a low-density region around the wire by using a heat

pulse.

cell. Figure 4 shows an example of what appears to be a Rayleigh-

B_nard type instability produced in microgravity. At Tc +100 inK,

a 14 mJ current pulse was applied to the wire. This creates a low

density cylinder of fluid around the wire. Ten seconds later, the
500 V potential was turned on. The radial force produced by the

electric field created an instability, and flow took place.

CONCLUSION

We have found that the electrostriction effect in a near-critical

fluid does become more pronounced as the critical point is ap-

proached due to the diverging compressibility. The increase in

density associated with the electroslriction effect near the wire is

slow to develop because of the long thermal diffusion times encoun-
tered near the critical point. The density increase near the wire has

been measured interferometrically, and is found to be in agreement

with that calculated from a simplified model. Many of our observa-

tions of electric field effects in the fluid are analogous to a gravita-

tional force directed radially towards the wire.
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We measured the isothermal increase of the density of a near-critical sample as a function of the applied electric field. In

agreement with theory, this electrostriction effect diverges near the critical point as the isothermal compressibility

diverges. Also as expected, turning on the electric field in the presence of density gradients can induce flow within the

fluid, in a way analogous to turning on gravity. These effects were observed in a microgravity environment by using the

Critical Point Facility which flew onboard the Space Shuttle Columbia in July 1994 as part of the Second International
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throughout the sample. The electric field was generated by applying 500 Volts to a fine wire passing through the critical
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